Abstract.-Understanding recent speciation history requires merging phylogenetic and population genetics approaches, taking into account the persistence of ancestral polymorphism and possible introgression. The emergence of a clear phylogeny of hares (genus Lepus) has been hampered by poor genomic sampling and possible occurrence of mitochondrial DNA (mtDNA) introgression from the arctic/boreal Lepus timidus into several European temperate and possibly American boreal species. However, no formal test of introgression, taking also incomplete lineage sorting into account, has been done. Here, to clarify the yet poorly resolved species phylogeny of hares and test hypotheses of mtDNA introgression, we sequenced 14 nuclear DNA and 2 mtDNA fragments (8205 and 1113 bp, respectively) in 50 specimens from 11 hare species from Eurasia, North America, and Africa. By applying an isolation-with-migration model to the nuclear data on subsets of species, we find evidence for very limited gene flow from L. timidus into most temperate European species, and not into the American boreal ones. Using a multilocus coalescent-based method, we infer the species phylogeny, which we find highly incongruent with mtDNA phylogeny using parametric bootstrap. Simulations of mtDNA evolution under the speciation history inferred from nuclear genes did not support the hypothesis of mtDNA introgression from L. timidus into the American L. townsendii but did suggest introgression from L. timidus into 4 temperate European species. One such event likely resulted in the complete replacement of the aboriginal mtDNA of L. castroviejoi and of its sister species L. corsicanus. It is remarkable that mtDNA introgression in hares is frequent, extensive, and always from the same donor arctic species. We discuss possible explanations for the phenomenon in relation to the dynamics of range expansions and species replacements during the climatic oscillations of the Pleistocene. [Coalescent simulations; discordant phylogenies; introgression; Lepus; rapid radiation; species-tree inference.]
Population genetics and phylogenetics have historically been developed relatively independently with different methods and models. It is, however, now recognized that establishing a link between gene genealogy and population or species divergence history requires the incorporation of the variance of the coalescence process in populations, as well as the possibility of secondary exchanges after population split. Distinguishing these two major causes of conflicting signals across loci is of major importance but notoriously difficult, and several methods have been developed for identifying introgression events in a phylogenetic framework. Whereas most of these methods either do not account simultaneously for the possibility of incomplete lineage sorting (e.g., Bryant and Moulton 2004; Jin et al. 2006; Gauthier and Lapointe 2007) or do not make an assumption about the nature of the discordance (Ané et al. 2007) , recent methods incorporate the coalescence of lineages while attempting to assess the possibility of gene introgression (Buckley et al. 2006; Joly et al. 2009; Kubatko 2009 ). Although any genomic region may be affected by introgression, literature reports of reticulate evolution induced by introgression in animals mostly concern mitochondrial DNA (mtDNA) (e.g., Ferris et al. 1983; Ruedi et al. 1997; Roca et al. 2005; Alves et al. 2006; Berthier et al. 2006 ). This phenomenon often generates strong conflicting phylogenetic signals between nuclear and mtDNA markers (e.g., Buckley et al. 2006; Bossu and Near 2009; Spinks and Shaffer 2009) .
Introgression has been repeatedly invoked to explain the sharing of closely related mtDNA haplotypes among different species of hares (Lepus spp.). In fact, most suspected cases involve Lepus timidus, an arctic/boreal species widespread in northern Eurasia, as the mtDNA donor species (e.g., Thulin et al. 1997 Thulin et al. , 2006 Alves et al. 2003; Melo-Ferreira et al. 2005 , 2007 Suchentrunk et al. 2005; Fredsted et al. 2006) (Fig. 1 ). These instances of apparent mtDNA introgression were reported not only in areas of present contact with the recipient species (e.g., into L. europaeus in Sweden or the Alps; Thulin et al. 1997 Thulin et al. , 2006 Suchentrunk et al. 2005 ) but also in regions from where L. timidus is now absent but was present until it went locally extinct at the end of the last glacial period (e.g., into L. granatensis and L. europaeus in the Iberian Peninsula; Alves et al. 2003) . Interestingly, there are regions where inferred mtDNA introgression from L. timidus is massive and reaches quasi-fixation in some populations (as in the hares from the Iberian Peninsula; Melo-Ferreira et al. 2005) . Available data also suggest that this "arctic" mtDNA lineage is shared by at least 10 other species, some inhabiting temperate regions and others also occurring in the arctic, in both 368 SYSTEMATIC BIOLOGY VOL. 61 FIGURE 1. Approximate geographic distribution of the species of hares in Eurasia and Northern Africa (a), detailing South-Western Europe (b), used in this study (Flux and Angermann 1990; Mitchell-Jones et al. 1999; Angelici and Luiselli 2001) . Dotted lines indicate the limits of some major distribution overlaps between species. Dots correspond to sampling locations and numbers to the specimens detailed in Table 1. the Old and the New World ). This lineage sharing across species suggests that either ancestral polymorphism has predominantly prevailed in the course of the speciation of hares or mtDNA introgression of timidus origin covers a remarkable taxonomic and geographic range . However, the suspicion of frequent mtDNA introgression from L. timidus relies on mtDNA phylogenies alone or on their qualitative comparison to poorly resolved species phylogenies based on a single or a few DNA fragments analyzed with classical phylogenetic methods (see, e.g., Alves et al. 2003) . Indeed, either because gene introgression is common among species of hares or because species share characters due to recent common ancestry, the phylogeny of hares is far from established, and this genus is considered one of the most problematic within the Leporids (Robinson and Matthee 2005) .
Here, using various approaches that take into account lineage sorting during speciation and gene flow, we aim at reconstructing the phylogenetic relationships of 11 of Lepus species, evaluating the impact of gene flow among species, and assessing the origin of the apparent ubiquity of the "arctic" mtDNA lineage: introgression or ancestral polymorphism. Our results support the conclusion that repeated introgressions of the arctic mtDNA lineage have affected 4 temperate European species, 2 of which had their mitogenome completely replaced. However, sharing of ancestral polymorphism appears to prevail among arctic taxa from America and Eurasia. Based on inferred species phylogeny and patterns of introgression, we also examine the possible biogeographic history of the genus.
MATERIALS AND METHODS

Samples and Laboratory Methods
A total of 50 specimens of hares were included in this study and represent 11 presently classified species (Figs. 1 and 2 and Table 1 ). This sampling corresponds to about a third of all presently accepted hare species and spans a widespread geographic range occupied by hares in Europe, Northern Asia, Africa, and North America (Figs. 1 and 2) (see also Alves and Hackländer 2008) . The European wild rabbit, Oryctolagus cuniculus, and the Eastern cottontail, Sylvilagus floridanus, were included as outgroups (Table 1) .
Total genomic DNA was extracted from liver or ear tissue using standard high-salt methods similar to those described by Sambrook et al. (1989) . Fourteen nuclear and 2 mtDNA fragments were amplified by polymerase chain reaction (PCR) ( Table 2 ; primers, references, and conditions in online Appendix 1 available from http://www.sysbio.oxfordjournals.org). Of the nuclear loci used here, 13 are autosomal and 1 lies on the X chromosome (AIFM1; Table 2) in humans, mice, and rabbit, and we assumed that such was the case in hares. All PCR products were sequenced using the forward and/or reverse primers, following the ABI PRISM BigDye Terminator Cycle Sequencing 3.1 (Applied Biosystems) standard protocol. Sequences for some of the specimens had already been obtained in the previous work (Gissi et al. 1998; Alves et al. 2003; Matthee et al. 2004; Melo-Ferreira et al. 2007 , 2011 Pietri et al. 2011 ) and were retrieved from GenBank (see accession numbers in online Appendix 2). The sex of each specimen was assessed 369 FIGURE 2. Approximate geographic distribution of the species of hares in North America studied here (Flux and Angermann 1990) . The gray line delimits the distribution of Lepus townsendii and dotted lines indicate limits of some major distribution overlaps between species. Dots correspond to sampling locations and numbers to the specimens detailed in Table 1. using the PCR approach outlined by Wallner et al. (2001) .
Sequence Alignment and Phylogenetic Analyses
Sequences were visually inspected and aligned using ClustalW (Thompson et al. 1994 ). We used Phase 2.1.1 (Stephens et al. 2001; Stephens and Donnelly 2003) to reconstruct haplotypes for each nuclear data set. Five replicate runs of 1000 generations after 1000 generations of burn-in were performed. Information for known haplotypes, reconstructed from sequences with heterozygous insertion-deletions, following Flot et al. (2006) , was incorporated in the analyses to facilitate phase determination. The Phase software has been shown to generate a very low rate of false positives, the great majority of nonresolved genotypes corresponding to those with an allele occurring only once in the data set (Garrick et al. 2010) . Since omitting the unresolved genotypes would lead to strong biases in the estimated levels of diversity and thus on the estimates of effective population sizes (Garrick et al. 2010) , we opted to keep the complete data set, including some low-probability phase calls.
The fit of each single-locus alignment to 88 models of sequence evolution was assessed using computer program jModelTest v0.1 (Posada 2008 ) and the Akaike information criterion. Maximum likelihood (ML) phylogenetic inferences were performed for each locus using software Garli v1.0 (Zwickl 2006) by specifying the optimal mutation model, although not fixing the model parameters. No starting topology was defined, and the program was set to run until no significantly better scoring topology (as defined by the default settings) was encountered after 5,000,000 generations. For each data set, 5 independent runs were performed to check the 370 SYSTEMATIC BIOLOGY VOL. 61 consistency of the estimates. For the mtDNA data set, support of the resulting nodes was estimated using 500 bootstrap replicates as implemented in Garli. We tested whether the resulting best trees were statistically significantly different by applying the Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa 1999) using PAUP* (Swofford 2001) . Bayesian inference (BI) was performed for the same data sets using software BEAST v1.6.1 . The best-fit model for each unlinked nuclear fragment was used, as determined with jModelTest. Regarding mtDNA, 2 partitions corresponding to cytochrome b and control region were considered and ascribed to a different model, although concatenating them as a single marker. The posterior probabilities were determined after runs of 10 million generations for the individual nuclear genes and of 250 million generations for mtDNA, without fixing the value of the model parameters and using the Yule tree prior. The stability of the runs and convergence of the Markov chain Monte Carlo (MCMC) were assessed using Tracer v1.5 . The initial 10% of each run were excluded as burn-in.
Phylogenetic methods that explicitly take into account the possibility of differential lineage sorting across individual loci are expected to perform better in multilocus data sets (see, e.g., Edwards et al. 2007; Kubatko and Degnan 2007) . Thus, phylogenetic analyses based on the 14 nuclear genes were performed using the species-tree inference methodology *BEAST (Heled and Drummond 371 2010) , as implemented in BEAST v1.6.1 . To avoid violating the assumption of no recombination within each locus, we reduced the sequence data sets to the largest nonrecombining blocks using the software IMgc (Woerner et al. 2007 ). In *BEAST, the assignment of specimens to taxa must be given as a prior for the analysis. The input file for *BEAST was created using the application BEAUti, part of the package, and partitions and models were edited by hand to fit the models determined by jModeltest. Posterior phylogenies were determined in *BEAST using an uncorrelated lognormal relaxed clock (Drummond et al. 2006 ) and the Yule tree prior. The prior of the relaxed clock standard deviation was set to an exponential distribution with a mean of 0.5 as recommended by the authors. All remaining priors were set to the defaults. Three replicate runs of 500 million generations were performed, sampling trees and parameter estimates every 50,000 generations. Convergence was checked using Tracer v1.5 , and summary trees were generated with TreeAnnotator v1.6.1, part of the BEAST package.
To test whether the best reconstructed mtDNA phylogeny significantly differed from the species tree estimated using the multispecies/multilocus coalescent method, we used a parametric bootstrap approach. Under the constraints of the species-tree topology and monophyly of species (only nodes with posterior probability >0.95 were constrained), the best ML score of such mtDNA phylogeny was determined using Garli v1.0. A full ML search was performed without constraining the mutation model parameters. The program was set to run until no significantly better scoring topology (as defined by the default settings) was encountered after 5,000,000 generations. Five replicate runs were performed to check for the consistency of the estimates. The likelihood ratio of the best unconstrained and constrained trees, D, was calculated. Using the best constrained topology and the mutation model estimated from the ML search, 500 sequence data sets were simulated using Mesquite (Maddison and Maddison 2009 ). The best ML phylogeny for each simulated data set was determined twice using Garli, both without constraining the topology and forcing the species-tree topology. A full ML search was performed in both cases running Garli until no better scoring topology was found after 100,000 generations. Three replicates were performed to ensure consistency of the ML estimates. For each simulated data set, D', the likelihood ratio between the best ML scores of the unconstrained and constrained run, was calculated. A distribution of D' values was built and compared with the empirical estimate.
Isolation-with-Migration Analyses and Coalescent
Simulations To test whether nuclear gene flow occurred among species showing topological discordances between nuclear and mtDNA, we used IMa2 (Hey 2010 ). This method co-estimates the multilocus effective population sizes (present and ancestral), divergence times, and migration rates under a model of isolation with migration (IM) (Nielsen and Wakeley 2001; Hey and Nielsen 2004) . Pairs of taxa showing discordant topological positions between nuclear and mtDNA phylogenies were analyzed using this methodology: castroviejoi versus timidus, corsicanus versus timidus, granatensis versus timidus, europaeus versus timidus, granatensis versus europaeus, timidus versus townsendii, arcticus versus townsendii, othus versus townsendii, granatensis versus castroviejoi, and granatensis versus corsicanus. IMgc (Woerner et al. 2007 ) was used to reduce the species pairwise data sets to the largest nonrecombining block in accordance to the assumption of the IM model of no recombination within loci. This approach has been shown to reduce most of the potential biases in the final estimates (Strasburg and Rieseberg 2010) . Overall, 94-100% of the characters and 97-100% of the sequences were retained. To verify the consistency of the estimates across different runs, IMa2 was run 3 times including the 14 nuclear loci with different starting seeds and parameter upper bound priors for each species pair and the infinite-sites mutation model (Kimura 1969) . Locus-specific mutation rates were estimated from the Lepus-Oryctolagus average corrected distance, considering a split time of 11.8 myr (Matthee et al. 2004 ) and a generation time of 2 years (Marboutin and Peroux 1995) . The geometric mean of the locus-specific mutation rates was used to calculate the effective population sizes and divergence times from IMa2 highest posterior density of each parameter, following the instructions of the IMa manual. The likelihood ratio test described by Nielsen and Wakeley (2001) was applied to assess whether migration rates were significantly different from zero. We further used likelihood ratio tests to compare models with free or constrained migration, sampling 100,000 trees, as implemented in the L-mode of IMa2. In addition, the patterns of speciation among the arctic species, L. timidus, L. arcticus, and L. othus, were investigated under the IM model with 3 populations (taxa) as implemented in IMa2 (Hey 2010) . Given the uncertainty of the phylogenetic relationships among these species (see Results section), all three topological possibilities were tested. Both nuclear and mtDNA loci were included in this analysis with the infinite-sites and HKY (Hasegawa et al. 1985 ) mutation models, respectively.
In order to assess whether the conflicting phylogenetic signals found between the nuclear DNA-and the mtDNA-based phylogenies could be explained by incomplete lineage sorting alone or by gene flow, we employed a methodology similar to that developed by Joly et al. (2009) . The estimates of current and ancestral population sizes and divergence times obtained under the IM model were used as input for SimCoal2 (Laval and Excoffier 2004) . A total of 10,000 simulated data sets were produced for each of the pairwise species comparisons referred above, mimicking the empirical mtDNA data sets (sequence lengths and sample sizes), under a model where an ancestral haploid population 372 SYSTEMATIC BIOLOGY VOL. 61 of size N eA /2 split into 2 descendants of size N e1 /2 and N e2 /2, t generations ago, and no gene flow occurring after the split. Again, the mtDNA mutation rate was estimated considering a rabbit-hare divergence of 11.8 myr (Matthee et al. 2004 ) and a generation time of 2 years (Marboutin and Peroux 1995) . Sequences were generated using a mutation model with unequal transition-transversion rate (the transition proportion was determined for the empirical data sets with jModeltest). For each replicate, the minimum pairwise uncorrected p-distance between the simulated descendant populations was retained and a distribution of expected minimum distances under no gene flow was produced. The empirical pairwise distance between species for mtDNA was considered to significantly reject the strict lineage sorting model if it was lower than the 5th percentile of the simulated minimum distances.
RESULTS
Sequenced Data and Phylogenetic Inferences
Sixteen DNA fragments, 14 nuclear and 2 mitochondrial (Table 2) , were sequenced, yielding a total of 9318 bp in 11 Lepus species and 2 outgroups, the European rabbit and the Eastern cottontail (52 specimens; Table 1 ; newly obtained sequences were deposited in GenBank with accession numbers JN036862-JN037408-see also Appendix 2). After the removal of gaps, which are ignored in most of the analyses performed here, the nuclear DNA data set was composed of 7687 characters, which was further reduced to 6874 characters if considering only the largest nonrecombining blocks ( Table 2) . The final mtDNA alignment had 1061 bp in total (Table  2) . Apart from loci DARC and CYB that were composed of coding sequence only, the remaining nuclear fragments were either totally intronic or were mostly intronic with a small and nearly invariant 1061 exon (see Appendix 3). The analyzed sequence matrices and the resulting phylogenetic trees were deposited in TreeBase and are available at http://purl.org/phylo/treebase/phylows/ study/TB2:S11662.
The replicate runs of the ML phylogenetic reconstructions based on each individual locus yielded consistent best likelihood scores but slightly different topologies (not shown), which likely resulted from the low level of information present in each single gene. This was also reflected in the generally low posterior probabilities for most of the clades obtained in the BI of the single-gene phylogenies (Appendix 4). The ML and BI estimates of the phylogeny of the individual genes showed that the species share sequences at a high degree (Appendices 4 and 5). Also, vast discordance among loci was suggested by the frequently significant differences among the best ML topologies as assessed by the SH test (Appendix 6).
Given such discordances among nuclear loci, phylogenetic inference of the species tree based on their concatenation would be prone to errors (Edwards 2009 ), and thus, we used the multispecies coalescent methods implemented in *BEAST (Heled and Drummond 2010) . This is a Bayesian MCMC method that uses the multispecies/multilocus coalescent to estimate the species trees from the distribution of single-gene trees, co-estimating the effective population sizes of tip and ancestral taxa. We have reduced our data set to the largest nonrecombining blocks, which eliminated 10% of the sites and 5% of the sequences. However, an analysis with the complete data set resulted in the inference of the same species tree, suggesting that recombination would have little effect in the results. The phylogeny obtained using *BEAST is shown in Figure 3a . Low posterior probabilities for some nodes were recovered, and here we only show the nodes with a support higher than 95% of the posterior trees (see Appendix 7 for full results). Finally, to test whether the inclusion of sites with low-probability phase call estimated by Phase 2.1.1 (Stephens et al. 2001; Stephens and Donnelly 2003) influenced the estimation of the species tree, we per- FIGURE 3. a) Nuclear DNA consensus tree generated from the *BEAST species-tree inference output for the 14 loci (the posterior probability of each clade is depicted in front of each node). b) mtDNA majority rule consensus tree generated from the BI (numbers above branches indicate the posterior probabilities of each clade and numbers below branches depict the ML bootstrap supports). Nodes with posterior probability <0.95 were collapsed. Codes are those shown in Table 1 . In (b), the underlined individual codes indicate the introgressed haplotypes revealed by the coalescent simulations (see Table 4 ).
formed another analysis coding these sites as missing data. Again, similar results were obtained (not shown).
The first split among the species of hares separates 2 North American species, L. californicus and L. americanus. L. castroviejoi and L. corsicanus, 2 southern European species with disjoint and restricted distributions in Northern Iberia and southern Italy, respectively (Fig. 1) , are sister taxa and are closely related to L. granatensis (Fig. 3a) . A highly supported clade was recovered for the arctic hares, L. timidus, L. othus, and L. arcticus, that span the arctic ring, but the split order among these species is unresolved.
The phylogeny obtained from the mtDNA sequences is depicted in Figure 3b . The parametric bootstrap showed that the obtained mtDNA phylogeny is not compatible with the inferred species tree based on nuclear DNA markers (P = 0; see Appendix 8). A comparison between the topologies of the phylogenies based on nuclear and mtDNA (Fig. 3) points to some inconsistencies. The major discrepancy concerns the inclusion of some of the L. granatensis, L. europaeus and L. castroviejoi mtDNA sequences in the clade of L. timidus.
Other discrepancies concern the relative positions of some species but with low support (Fig. 3) . The causes of such discordance were further investigated using coalescent approaches to separate incomplete lineage sorting from the possibility of introgression (see below).
IM and Coalescent Simulations
Although *BEAST incorporates the uncertainty of the coalescent process in the estimate of the phylogeny, it assumes that no gene flow occurred after the initial split. To quantify the potential impact of gene flow on the evolution of nuclear genes, we fitted our data to the IM model (Hey and Nielsen 2004) . The approximate posterior density curves of the model parameters that resulted from these analyses were consistent across replicate runs. However, particularly in the estimates of divergence time and ancestral effective population size, the right tail of the posterior density curves often failed to reach zero (not shown). Using the average Lepus-Oryctolagus divergence, we VOL. 61 estimated the mutation rate to be 4.1 × 10 −9 substitutions/site/generation for nuclear DNA (geometric mean of 14 loci), which is similar to that estimated for mice (4 × 10 −9 ; Waterston et al. 2002) , and 4.9 × 10 −9 substitutions/site/generation when considering both the nuclear and the mtDNA loci (geometric mean of 15 loci). Estimates of effective population size (N e ) correlated well with the present day geographic range of the species (Fig. 1) , with L. corsicanus and L. castroviejoi having the lowest and L. europaeus and L. timidus the highest N e (Table 3) . To test whether estimated levels of gene flow of nuclear genes among species were significantly different from zero and whether a model with equal migration rates in both directions could explain the data, we used the log likelihood ratio (LLR) tests implemented in IMa2. Among European species, a model with no gene flow was rejected in most cases, except between L. granatensis and L. corsicanus. Among European species, gene flow (migration) was found to be significantly different from zero only in one of the directions in each species pair (except between L. granatensis and L. corsicanus), and interestingly, L. timidus is the donor species in all pairs where it is involved (Table  3) . However, only in one case was a model of equal migration in both directions rejected (L. granatensis and L. castroviejoi). No gene flow was inferred between the arctic hares and L. townsendii (Table 3 ). The analyses of the group of 3 arctic hares (L. timidus, L. arcticus, and L. othus) showed no significant migration in any direction, whichever topology was assumed for the species tree (Appendix 9).
We used the estimates of divergence times and N e to simulate data sets mimicking the mtDNA sequences obtained in this work, using a mutation rate of 6.0 × 10 −8 substitutions/site/generation estimated from the average corrected divergence between hares and the European rabbit. The 5th percentile of the minimum pairwise uncorrected p-distance among simulated species is shown in Table 4 . In the analyses involving L. castroviejoi or L. corsicanus and L. timidus, all the observed pairwise mtDNA divergences were smaller than the 5th percentile of the simulated minimum distances, that is, in all cases, these low divergences appeared unlikely to result from the variance of the coalescent process in the absence of gene flow. In the remaining analyses, only a few of the between-species pairwise distances were significantly lower than expected under an incomplete lineage sorting scenario (Table 3) . These distances involve sequences that are placed within the L. timidus clade in the mtDNA phylogeny while belonging to another species (Fig. 3b) .
DISCUSSION
In this work, we shed light on the poorly known phylogeny of hares and, by contrasting the inferred history to the evolutionary patterns obtained for mtDNA, test how widespread and repeated mtDNA introgression is among species, particularly that originating from the arctic L. timidus. Any attempt to reconstruct the speciation history must take into account both the variance of the coalescent among genomic regions and the possibility of introgression. By applying an IM model to pairs of species, we were able to infer very limited nuclear gene flow. The evolutionary history of hares was reconstructed from the nuclear genes using a multispecies coalescent method that takes into account differential lineage sorting across markers. Treating mtDNA independently, we could ask whether its pattern of divergence among species was compatible with the species history in the absence of gene flow. In several instances, we found that this was not the case, thus supporting the conclusion of mtDNA introgression.
Nuclear Gene Flow and Rapid Radiation as Sources of
Phylogenetic Uncertainty Although around 8 kb of nuclear genome of hares was sequenced here, these were split among 14 loci and therefore the length of each fragment was rather small and low variation was found (Table 2) . Such low variation translated into some degree of uncertainty on the estimation of single-gene trees with frequent sequence sharing among species (see Appendices 4 and 5). However, we found significant gene-to-gene discordance of phylogenetic signals, which may indicate differential prevalence of ancestrally shared polymorphism across markers (see Appendices 4 and 5). These results highlight the importance of using a method that takes into account the information of each gene tree in a coalescent framework and that takes advantage of sampling of multiple individuals per species (McCormack et al. 2009 ).
Hares are thought to have radiated very rapidly throughout Eurasia with the general development of temperate grasslands (Corbet 1986; Yamada et al. 2002; Matthee et al. 2004 ) about 4-6 Ma (Matthee et al. 2004) . The low posterior probabilities we obtained as support for the internal nodes of the species tree may result from such rapid radiation and reflect extensive incomplete lineage sorting (see, e.g., Belfiore et al. 2008) . However, because the species-tree inference methodology does not take introgression into account (Heled and Drummond 2010) , the effects of potential nuclear gene flow were neglected. Previous population-level single nucleotide polymorphism analyses have suggested that some introgression of nuclear genes may have occurred from L. timidus into L. europaeus and L. granatensis, although reaching very low frequencies in the affected populations (nuclear introgression affected a maximum of 3 of 10 loci, with frequencies mostly under 10%; MeloFerreira et al. (2009) , but see Melo-Ferreira et al. (2011) for a case of massive introgression of an X-linked fragment not included in the present study). Our analyses here using the IM model among 5 European species suggested gene flow in some directions, although a model with no migration was rarely rejected (Table 3) . Also, the inferred values of the migration parameters were with no gene flow (ABC00). The test statistic was calculated as follows: ABCDD (2LLR against ABCDE) follows a chi-square distribution with 1 degree of freedom with critical value *P < 0.05 at 2LLR 3.84; ABC0D and ABCD0 (2LLR against ABCDE) and ABC00 (2LLR against ABCDD) follow a chi-square distribution that is 1 /2× chi-square(1) + 1
/2×
chi-square (0) with critical value *P < Table 2 . b Highest bound of the 5th percentile of the lowest simulated average nucleotide divergence (Dxy, Nei 1987) for mtDNA between species 1 and 2. c Range of estimated average nucleotide divergence (Nei 1987) for mtDNA between species 1 and 2. d Strict lineage sorting model is rejected if observed Dxy is lower than 5% of simulated distances.
very low when compared with those inferred for other mammals (e.g., Won and Hey 2005; Geraldes et al. 2008; Bonhomme et al. 2009; Carneiro et al. 2009; Hey 2009; Stevison and Kohn 2009) , even in cases where mtDNA introgression is known to be massive such as from L. timidus into L. granatensis. It is nevertheless important to note that by applying the IMa2 methodology to species pairs when a third species may exist in the equation and may have also exchanged genes, we are violating one assumption behind the IM model (Nielsen and Wakeley 2001; Hey and Nielsen 2004) . However, for moderate to low levels of gene flow (N e m < 0.2, as we inferred here- Table 3 ), the effect of a third unsampled species exchanging genes with the focal species on the estimates of the demographic parameters appears to be minimal (Strasburg and Rieseberg 2010) . Also importantly, the IM model assumes panmixia of the involved species and does not take into account possible variations of population sizes. Again, IMa seems to be fairly robust to these violations, at least for a range of realistic parameter estimates (Strasburg and Rieseberg 2010) . It is hard to evaluate the impact of such levels of nuclear introgression on the inference of the species tree, but previous work has shown that methods based on the multispecies coalescent seem robust to moderate levels of gene introgression (Nm < 0.1 and 5 sampled loci; Eckert and Carstens 2008) .
Lepus Biogeography Some insights on the biogeographic history of genus Lepus are supported by our phylogenetic inferences (Fig. 3) . Both nuclear DNA-and mtDNA-based phylogenies consistently show that the Old World species belong to a clade that seems to have diversified more recently than the split between the American L. californicus and L. americanus. Fossil records (Lopez-Martinez 2008) and a vicariance analysis of the phylogeny of the lagomorphs (e.g., Matthee et al. 2004) suggest that North America is the region of origin of the genus. However, the North American species do not form a monophyletic clade since L. arcticus and L. othus are included in a clade with the Eurasian L. timidus. This suggests that a colonization of species from Eurasia to North America has occurred, likely through the Beringia land bridge that intermittently connected these continents throughout the Quaternary glaciations. The close phylogenetic relationship inferred here among the arctic species L. timidus, L. arcticus, and L. othus (Fig. 3a) was expected since these species share extensive morphological similarities (Best and Henry 1994) , which induced earlier studies to suggest they should be classified into the same species (Baker et al. 1983; Dixon et al. 1983) . Previous analyses based solely on mtDNA had shown the inclusion of the mtDNA haplotypes of L. arcticus and L. othus in the clade of L. timidus (e.g., Waltari and Cook 2005) . Since these previous molecular analyses were solely based on mtDNA, suggested that these two species may have also been affected by mtDNA introgression of L. timidus origin. To clarify this issue, we applied the IM model to these three species. Although the data contained little information to estimate the parameters of the model, it seems to support that no migration (gene flow) occurred after the split of the species (Appendix 9). This analysis thus suggests that these three species are very closely related and may have started diverging at about 270,000 years ago in a presumably strict allopatric speciation process. However, additional data will have to be collected to confirm this hypothesis.
Another highly supported clade is that made of L. granatensis, L. corsicanus, and L. castroviejoi, species with a distribution in southern European peninsulas, Iberia and Italy (Fig. 1) . Although we have dismissed nuclear DNA introgression as a major cause of wrong phylogenetic inference, some caution may be needed in this case, as some degree of nuclear gene flow was inferred from L. granatensis into L. castroviejoi (Table 3; although not into L. corsicanus). We must at this stage consider that this phylogenetic proximity is due to common ancestry, but this conclusion must await confirmation from a more thorough exploration of the nuclear genome.
Repeated mtDNA Introgression from L. timidus and Mitochondrion Replacement Deep phylogenetic discordances between nuclear DNA-and mtDNA-based phylogenies have often been used as an argument to demonstrate instances of mtDNA introgression (e.g., Buckley et al. 2006; Bossu and Near 2009; Spinks and Shaffer 2009) . Sometimes mtDNA shows a high degree of species paraphyly or polyphyly (Funk and Omland 2003) , even though given its lower effective population size it is expected to more readily sort lineages among species than the nuclear genome (Moore 1995) . These conclusions of introgression are, however, frequently presented without explicitly testing the alternative hypothesis that incomplete lineage sorting alone may explain the phylogenetic discrepancies (e.g., Buckley et al. 2006; Bossu and Near 2009; Spinks and Shaffer 2009) .
In the mtDNA phylogeny, L. granatensis, L. europaeus, and L. castroviejoi clearly harbor 2 types of haplotypes, one type grouping in a specific clade and the second type grouping within L. timidus (Fig. 3b) . This phylogenetic pattern was previously interpreted as resulting from introgression of L. timidus origin into these Iberian species, which was inferred to have occurred at the end of the last glacial period (Alves et al. 2003; MeloFerreira et al. 2005 MeloFerreira et al. , 2007 . Here, we were able to test introgression against an alternative incomplete lineage sorting scenario, and our results deserve a deeper look into the case of L. castroviejoi. Haplotypes belonging to this species cluster at 2 different positions in the mtDNA tree: one group forms a clade with L. corsicanus (translating the recent common ancestry of these species; Alves, Melo-Ferreira, Branco, et al. 2008 ) that is sister to the arctic clade and one haplotype falls within the arctic clade (as identified by Melo-Ferreira et al. 2005 , 2007 (Fig. 3b) . A previous interpretation of this pattern considered that the former group of haplotypes could represent the aboriginal mtDNA lineage of L. castroviejoi (and L. corsicanus) and the latter to result from recent introgression from L. timidus (Melo-Ferreira et al. 2005 , 2007 . This rationale implies that L. castroviejoi and L. corsicanus are phylogenetically closely related to L. timidus. This relatedness is, however, contradicted by the nuclear data where L. castroviejoi and L. corsicanus do not appear related to L. timidus (Fig. 3a) . In fact, among the collection of nuclear DNA trees resulting from the *BEAST MCMC chain, only a tiny fraction (0.9%) sustains a close relationship between L. castroviejoi and L. corsicanus and the "arctic" clade, thus suggesting it to be highly unlikely. We thus raised the hypothesis that the original L. castroviejoi/L. corsicanus mtDNA has not been sampled and has been replaced by a timidus-like mtDNA lineage at some point in the history of the species. To test this hypothesis, we modeled the nuclear divergence from L. timidus in an IM framework and used the estimated parameters to simulate mtDNA data. Given the difficulties in obtaining good quality posterior curves for the time of divergence and ancestral population sizes, we also inferred divergence times applying a simple mutationdrift expectation with the assumption of no gene flow (k = 2μt + π, where k is the average pairwise differences among alleles from 2 populations, μ is the mutation rate, π is the nucleotide diversity of the ancestral population averaged from the descendants, and t is the time of divergence between species). The obtained estimates are, however, remarkably similar to those inferred using IMa2 (Appendix 10).
The results of the coalescent simulations showed that all mtDNA haplotypes from L. castroviejoi and L. corsicanus present a divergence to L. timidus that is smaller than expected under a simple pure lineage sorting scenario (Table 4) . We note that this analysis could be compromised if our estimates of mtDNA divergence were affected by saturation, but we found no evidence of such a phenomenon (Appendix 11). Previous work using a more extensive sampling of L. castroviejoi and L. corsicanus failed to identify any mtDNA haplotype unrelated to the arctic clade (Pierpaoli et al. 1999; Alves et al. 2003; Melo-Ferreira et al. 2005; Alves, Melo-Ferreira, Branco, et al. 2008) , which suggests that a complete mitochondrion replacement of these species may have occurred. Despite the many uncertainties on divergence time estimates and the difficulty of finding paleontological calibration points within Lepus, it seems clear that mtDNA introgression occurred at 2 different epochs, first presumably into the ancestor of L. castroviejoi and L. corsicanus and then more recently into the former, in the Iberian Peninsula. This method also provided the first formal confirmation that the extensive sharing of mtDNA haplotypes of 2 Iberian species, L. granatensis and L. europaeus, with L. timidus is not compatible with sharing of ancestral polymorphism and thus can only be explained by introgression (specimens Lgr1, Lgr5, Ler7, and Ler8; Table 3 and Fig. 3b ). In contrast, we cannot exclude that the proximity between L. townsendii and the arctic clade apparent in the mtDNA phylogeny is due to incomplete lineage sorting alone (Table 3) .
On the Repeated mtDNA Introgression among Hares
The widespread and repeated introgression from L. timidus into several temperate species that we document here raises the question of whether some deterministic factor, specific to this species or to its mtDNA, may have produced this striking reticulation pattern. The most generic condition under which such extensive interspecific introgression can occur has recently been proposed and modeled (Currat and Excoffier 2004; Currat et al. 2008) . When the territory of a resident species is invaded by another more successful species, even rare hybridization events at the front of this expansion can with high probability lead to introgression from the resident species into the expanding one. Drift at the front of invasion and during the following expansion is responsible for the phenomenon. The important range changes of species caused by glacial oscillations are likely to have induced repeated and transient secondary contacts among species, promoting situations of competitive replacement. The phylogeographic patterns inferred for many European species support these range displacements that often result in hybrid zones where populations that evolved in different glacial refugia meet and exchange genes (reviewed, e.g., by Hewitt 2001 Hewitt , 2004 . Although it has been suggested that many of those hybrid zones are stable, there are many evidences of historical movement of hybrid zones (Buggs 2007; Hewitt 2011; Wang et al. 2011) , which could then correspond to situations of competitive replacement. In Eurasia, some 378 SYSTEMATIC BIOLOGY VOL. 61 cases of interspecific gene flow were inferred to result from situations of range replacement, as for example, among Myotis bats (Berthier et al. 2006) or Myodes voles (Tegelström 1987; Abramson et al. 2009 ). In the case of hares, it is known that L. timidus was widespread in Europe during the last glacial period, as is attested by fossil records of this species found in southern France (Lopez-Martinez 1980) and northern Iberian Peninsula (Altuna 1970) . The current distribution of the species (see Fig. 1 ) thus results from the recent retreat to higher latitudes or altitudes (as the Alps). Introgression from L. timidus into the temperate species could then correspond to phases of climate warming, when the latter species would be favored and replace the former. MeloFerreira et al. (2007) suggested that the most recent of such events, in the Iberian Peninsula, could correspond to the last major episode of climate warming at the end of the last glaciation. We attempted to date the more ancient introgression event that affected the ancestor of L. castroviejoi and L. corsicanus using the rationale applied above (between L. castroviejoi-L. corsicanus and L. timidus; k = 2μt + π) and estimated it to have occurred about 550,000 years ago, during the Pleistocene glacial cycles.
It is striking that mtDNA introgression appears to always have occurred in the same direction, that is, from the cold-adapted species into the more temperate ones. Why the reverse phenomenon did not occur during cooling periods, when cold-adapted species presumably replaced temperate ones, remains to be understood. Several hypotheses can be tentatively proposed. One is that the reverse phenomenon may simply not have occurred because ad hoc ecological conditions did not take place. Temperate species may have gone extinct during cooling periods before the cold-adapted species managed to colonize the territories previously occupied by them. Or cooling of the climate may have been too slow to favor the rapid expansion of cold-adapted species that is needed for introgression to be extensive. In fact, the dynamics of cycles of climate changes is generally not symmetrical, and phases of cooling and warming can occur at very different paces (Petit et al. 1999; Cheddadi et al. 2005) . Also, the types of ecological changes that occur during climate fluctuations may be favorable to the phenomenon of competitive replacement in one direction but not the other. Temperate and arctic species may differ in the broadness of their climatic envelope, which could account for some asymmetry in the replacement processes (with the possible complication that ecological requirements of these species may have changed over time). A more thorough understanding of the nature of the ecological changes, in relation to the ecology of these species, is needed. It could also simply be that traces of introgression into the arctic species at the previous cooling period might have disappeared during the Holocene with the extinction of the arctic species from presently temperate geographic regions that they previously occupied and where introgression could have occurred. In this case, the memory of past introgressions would be kept only in case of complete replacement. Other factors such as asymmetric reproductive behavior in situations of hybridization, or asymmetries in genomic incompatibilities, could also be invoked to account for the asymmetry of the phenomenon, as discussed in Melo-Ferreira et al. (2009) , but would need to cause a consistent bias of introgression across different interspecific interactions of L. timidus, which appears less likely.
An alternative explanation to the asymmetry of introgression would be that mtDNA of L. timidus has some selective advantage that promotes its introgression. Arguments in favor of this hypothesis are, however, yet far from established. First of all, it should be shown that introgression of mtDNA is indeed more thorough than that of other parts of the genome. The detailed population genetics study of Melo-Ferreira et al. (2009) revealed limited introgression at 10 autosomal markers in 2 species suffering extensive mtDNA introgression (L. granatensis and L. europaeus), but a more recent study showed very extensive introgression of an X chromosome fragment from L. timidus into L. granatensis. On the other hand, Melo-Ferreira et al. (2011) provided some population genetics evidence that the foreign mtDNA might have outcompeted the native one in the latter species. Thus, the case for selection is far from resolved, and as often in evolution, going from patterns to processes will need the integration of additional knowledge in various fields, including ecology, palaeoclimate, physiology, and genomics.
SUPPLEMENTARY MATERIAL
Supplementary material, including online-only appendices, can be found at http://www.sysbio.oxford journals.org/. 
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